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Myelinated axons are patterned into discrete and often-repeating domains responsible for the efficient and
rapid transmission of electrical signals. These domains include nodes of Ranvier and axon initial segments.
Disruption of axonal patterning leads to nervous system dysfunction. In this review, we introduce the concept
of subcellular patterning as applied to axons and discuss how these patterning events depend on both
intrinsic, cytoskeletal mechanisms and extrinsic, myelinating glia-dependent mechanisms.Patterning is how organisms become segregated into spatially
and functionally distinct structures or domains. Patterning is a
common process among multicellular organisms as diverse as
plants, invertebrates, and vertebrates. Early in development,
patterning sets up broad domain distinctions. One of the earliest
patterning events determines animal versus vegetal poles, which
form the organism or support tissues like the yolk sac, respec-
tively. Soon after, in the gastrulation stage, endoderm, ecto-
derm, and mesoderm germ layers become differentiated, and
the body axes are established. As development proceeds,
patterning events establish finer and finer degrees of specializa-
tion. For example, within the nervous system, different brain re-
gions have distinct neuronal subtypes and cytoarchitectures and
extend long-range axonal projections to highly specific and often
unique target regions. An example of this is the patterning of the
neocortex into discrete layers, each of which contains a charac-
teristic array of neurons that receive inputs from and project to
distinct cell types, have unique developmental origins, and ex-
press unique sets of genes and proteins. Overall, these features
are established during development by an exquisite interplay of
cell-intrinsic and cell-extrinsic signals.
Here we extend the concept of patterning from regional
specification and cell fate induction to patterning of subcellular
domains. Traditional patterning emphasizes the differentiation
and specialization of cells and groups of cells. In contrast, sub-
cellular patterning is the segregation of spatially distinct, highly
organized, and functionally specialized protein complexes within
a cell. These processes have also been referred to as compart-
mentalization and/or subcellular polarization. Exquisite control
over the expression, trafficking, and interactions of these protein
complexes is required to target and maintain them in their cor-
rect subcellular locations at the right time.
In this review, we focus on subcellular patterning events in
axons. We emphasize myelinated axons because they are highly
polarized with many spatially, structurally, and functionally
distinct protein complexes whose formation and positioning
are critical for proper nervous system function. As with more
traditional patterning mechanisms that depend on interactions
between and among cells, patterning of myelinated axons de-
pends on interactions between neurons and glia.
Axons are patterned into repeating excitable and non-excit-
able domains for the efficient and rapid transmission of electricalsignals. These excitable domains include the axon initial seg-
ment (AIS) and nodes of Ranvier, and their disruption by disease
or injury severely impairs nervous system function. The AIS,
located at the interface between the neuronal cell body and
axon (Figure 1A), integrates synaptic inputs to generate an action
potential. Its position and proximity to the cell body is deter-
mined by both activity and cell type. The axon transmits the
action potential over very long distances without diminution of
speed or amplitude while minimizing the energy used to propa-
gate the action potential. To do this, axons are wrapped by
myelin, which is made by oligodendrocytes and Schwann cells
in the CNS and peripheral nervous system (PNS), respectively.
Myelin decreases membrane capacitance and increases mem-
brane resistance to minimize the dissipation of ionic current as
the action potential propagates along the axon. Gaps in the
myelin sheath, called nodes of Ranvier, are located at regular in-
tervals to regenerate the action potential (Figures 1B–1D). The
spacing, or patterning, of nodes along the axon influences
the speed of action potential propagation (Court et al., 2004).
The AIS and nodes of Ranvier consist of a common set of ion
channels, cell adhesion molecules, and cytoskeletal scaffolds,
but there are differences in the way these molecules are orga-
nized along the axon.
In this review, we use nodes of Ranvier and the AIS as repre-
sentative examples of subcellular patterning. We emphasize the
interplay of cell-intrinsic and cell-extrinsicmechanisms that work
together to pattern the axon. Finally, we discuss some examples
of diseases or injuries that disrupt nodes and the AIS and altered
axonal physiology.
Axonal Patterning: Specialized Domains for Efficient
Brain Function
Nodes of Ranvier and Their Associated Domains
Nodes of Ranvier are 1-mm-long axonal Na+ channel clusters
that occur at gaps in the myelin sheath and regenerate action
potentials (Figures 1B–1D; (3) in Figure 2). Nodes of Ranvier
and the AIS share a common core protein composition that
includes voltage-gated ion channels, the cell adhesion mole-
cules (CAMs) neurofascin 186 (NF186) andNrCAM, and the scaf-
folding proteins AnkyrinG (AnkG) and bIV-spectrin (for a more
detailed review of the protein components of nodes and their
associated domains, see Chang and Rasband, 2013). NodalDevelopmental Cell 32, February 23, 2015 ª2015 Elsevier Inc. 459
Figure 1. Examples of Axonal Patterning
(A) A cultured hippocampal neuron immuno-
stained to mark the somatodendritic domain
(magenta, MAP2), the axon initial segment (green,
AnkG), and the axon (red, tubulin). Scale bar,
25 mm.
(B) Low-magnification view of optic nerve axons
immunostained using antibodies against juxta-
paranodal Kv1.2 (red), paranodal Caspr (green),
and nodal NF186 (magenta). Scale bar, 50 mm.
(C) High-magnification view of optic nerve axons
immunostained using antibodies against juxta-
paranodal Kv1.2 (red), paranodal Caspr (green),
and nodal NF186 (magenta). Scale bar, 20 mm.
(D) Triple immunostaining of PNS node of Ranvier
immunostained for nodal Na+ channels (green),
paranodal Caspr (red), and juxtaparanodal K+
channels (blue). A phase contrast image of the
myelin sheath was merged with the fluorescence
image to show the outline of the myelin sheath.
Scale bar, 5 mm.
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brane currents to these sites. Together with the reduced mem-
brane capacitance afforded by myelin, nodes greatly increase
the speed and efficiency of action potential propagation.
Classic studies in several vertebrate species, including hu-
mans, show that the internodal length (the distance between
nodes of Ranvier [(6) in Figure 2], corresponding to the non-excit-
able region of the axon) and conduction velocity increase with
axon diameter. Therefore, the periodic spacing, or patterning,
of nodes helps to determine conduction velocity (Court et al.,
2004). What dictates nodal spacing? In the adult human PNS,
internodal lengths for a 10-mm-diameter axon can vary from
1 mm in an ulnar nerve to half that in a facial nerve (Vizoso,
1950), indicating that simple fiber diameter does not predict
the spacing of nodes along the axon. Instead, nodal spacing in-
creases as an animal grows. For example, nodal spacing in the
lower leg of humans can increase 4-fold from birth to young
adulthood as height increases (Vizoso, 1950). However, studies
in animal models show that there is a limit to the benefits
conferred by increasing internodal length and that there is a
plateau, above which increasing internodal length has no benefit
to conduction velocity (Simpson et al., 2013). Therefore, nodal460 Developmental Cell 32, February 23, 2015 ª2015 Elsevier Inc.spacing in the PNS is determined by
two properties: the diameter of the axon
and the growth of the part of the animal
in which the nerve lies.
In contrast, the mechanisms control-
ling nodal spacing in the CNS are more
complicated. Although both axon diam-
eter and growth likely influence node
spacing, additional activity-dependent
mechanisms must also dictate nodal
spacing to optimize conduction velocity
and tune the properties of CNS circuits.
One particularly dramatic example of
this is seen in the brainstem auditory
circuits that calculate interaural time
differences for sound localization. Neu-
rons in the cochlear nucleus have a single
bifurcating axon that innervates ipsilat-eral and contralateral coincidence detector neurons in the brain-
stem. These two branches of the same axon, with very different
lengths, independently adjust their conduction velocities to
achieve the precise temporal integration necessary for sound
localization. Remarkably, the conduction velocities of these
axon branches correlate with axon diameter and node spacing
(Seidl et al., 2010, 2014). How can two branches from the
same axon have different diameters and internodal lengths to
control conduction velocity? Although the answer to this ques-
tion remains unknown, the mechanisms likely depend on local
activity-dependent signaling between axons and their closely
associated myelinating glial cell, the oligodendrocyte. For
example, oligodendrocyte and Schwann cell axon signaling reg-
ulates neurofilament phosphorylation and spacing (Perrot et al.,
2007), which, in turn, dictates axon diameter (Sa´nchez et al.,
2000). Furthermore, because node of Ranvier formation in the
CNS requires extrinsic, oligodendrocyte-derived interactions
(see below), node locationsmust also depend on axon-oligoden-
drocyte signaling. Together, the data suggest that the CNS no-
des of Ranvier are not simply static structures that regenerate
action potentials but that axons are precisely patterned to opti-
mize conduction velocity and circuit functions. Future studies
Figure 2. Membrane Domain Organization
of Myelinated Axons
Axons have distinct axonal patterns and bound-
aries, including the proximal AIS (1), the distal AIS
and intra-axonal boundary (2), the node of Ranvier
(3), the paranodal junctions (4), the juxtaparanodes
(5), internodal length (6), and axon/dendrite
polarity (7). The patterns (1), (2), and (7) are
determined by intrinsic mechanisms, whereas
(3)–(6) are determined by extrinsic neuron-glia in-
teractions.
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mechanisms regulating this fascinating form of axonal plasticity.
In addition to nodes and internodes, axons are patterned
with two other highly organized axonal domains: the paranode
(Figure 1F; (4) in Figure 2) and the juxtaparanode (Figure 1F; (5)
in Figure 2). Paranodes flank each side of the node and are
specialized cell-cell junctions formed between the axonal mem-
brane and the paranodal loops of the myelinating glial cell. Jux-
taparanodes are located adjacent to paranodes and beneath the
myelin sheath. The paranodal loops correspond to the end of
each individual layer of myelin membrane and spiral around
the axon to form the largest known vertebrate intercellular junc-
tion. The paranodal junction attaches the myelin membrane to
the axon, isolates nodal currents from internodes, functions as
a barrier to limit the diffusion of membrane proteins in the axo-
lemma, and helps to cluster Na+ channels at nodes (Feinberg
et al., 2010; Rosenbluth, 2009; Susuki et al., 2013; Zonta et al.,
2008).
Juxtaparanodes are characterized by high densities of Kv1 K+
channels (Figure 1F) that are thought to stabilize membrane po-
tential, especially during myelination, after injury, and during re-
myelination. Juxtaparanodal Kv1 K+ channel clustering requires
neuron-glia interactions between axonal Caspr2 (a homolog of
the paranodal Caspr) and glial TAG-1 (a homolog of contactin)
(Poliak et al., 2003; Savvaki et al., 2010). Therefore, clustering
of these K+ channels is another example of neuron-glia interac-
tions that pattern the molecular organization of the axonal mem-
brane.
Assembly of the paranode depends on interactions between
the axonal CAMs Caspr and contactin and the glial 155 kD
isoform of neurofascin (NF155) (Bhat et al., 2001; Boyle et al.,
2001; Charles et al., 2002; Pillai et al., 2009). Interestingly, like
nodes, paranodes are also enriched with ankyrins and spectrins.
In the peripheral nervous system, AnkyrinB, bII spectrin, and aII
spectrin can be found at paranodes (Ogawa et al., 2006). In the
CNS, AnkG is found at paranodes (Rasband et al., 1999). We
showed recently that paranodal ankyrins are found in the myeli-
nating glia, where they interact with NF155. Genetic ablation of
AnkG from oligodendrocytes causes a profound delay in the
formation and maturation of paranodal junctions (Chang et al.,
2014). In axons, assembly of the spectrin-based paranodal cyto-
skeleton is thought to depend on the adaptor protein 4.1B, whichDevelopmental Cell 32,links Caspr to spectrins. Axons lacking
protein 4.1B or bII-spectrin have disrup-
ted ion channel clustering and similar
phenotypes; proteins normally restricted
to juxtaparanodes invade neighboringparanodal domains (Horresh et al., 2010; Zhang et al., 2013).
Therefore, spectrin-based paranodal submembranous cytoskel-
etons may be viewed as cytoskeletal boundaries that organize
the axon into repeating units of excitable and non-excitable
membrane domains. The assembly of these paranodal bound-
aries depends on axon-glia interactions. Loss of Caspr, contac-
tin, or NF155 impairs paranodal junction formation and assembly
of the paranodal cytoskeleton, and proteins normally restricted
to juxtaparanodes enter paranodal domains (Bhat et al., 2001;
Boyle et al., 2001; Ogawa et al., 2006; Pillai et al., 2009).
Although the paranodes, juxtaparanodes, and internodes are
excellent examples of axonal patterning, the clustering of Na+
channels at the nodes of Ranvier remains the prototypical and,
arguably, the most interesting and complex example of subcel-
lular axonal patterning. What molecular and cellular mechanisms
are responsible for nodal Na+ channel clustering? Remarkably,
for this important process, two glial mechanisms have been
identified that work together to assemble nodes of Ranvier.
These mechanisms include a glia-derived extracellular matrix
and cell adhesion molecule protein complex that interacts with
and clusters axonal transmembrane NF186 and a paranodal
junction-dependent membrane barrier that limits the lateral diffu-
sion of axonal membrane proteins like NF186. These mecha-
nisms converge on AnkG and bIV spectrin because they bind,
stabilize, and link Na+ channels and NF186 to the underlying
cytoskeleton (Feinberg et al., 2010; Susuki et al., 2013; Zonta
et al., 2008).
Ankyrin/spectrin protein complexes function as key structural
and scaffolding proteins to pattern the axon. Traditionally, one a-
and one b-spectrin subunit combine to form a heterodimer. Two
of these heterodimers interact in an anti-parallel arrangement
to form a functional tetramer. Spectrin tetramers bind simulta-
neously to filamentous actin at each end and to ankyrins at the
central region of the tetramer through the b-spectrin subunits.
The actin/spectrin/ankyrin complex has been studied exten-
sively in erythrocytes, where it anchors membrane proteins
and provides structural stability and elasticity to the cell’s mem-
brane (Bennett and Lorenzo, 2013). Interestingly, although PNS
and CNS nodes both have clustered axonal Na+ channels,
NF186, AnkG, and bIV spectrin, their glia-driven mechanisms
of assembly follow different sequences of events and even use
different molecules.February 23, 2015 ª2015 Elsevier Inc. 461
Figure 3. Intrinsic and Extrinsic
Mechanisms of Axonal Patterning
(A) Two glia-dependent mechanisms cluster
NF186 in the axonal membrane. In the PNS, the
primary (1) mechanism depends on interactions
with gliomedin and NrCAM at the Schwann cell
microvilli, and the secondary (2) mechanism de-
pends on the barrier function of the paranodal
junctions. In the CNS, the primary (1) mechanism
depends on the barrier function of the paranodal
junctions, whereas the secondary (2) mechanism
depends on interactions with secreted NrCAM
and chondroitin sulfate proteoglycans found at the
nodal extracellular matrix. NF186 functions to
recruit nodal AnkG (3), which then clusters Na+
channels and links the nodal protein complex to
the bIV spectrin-based cytoskeleton (4).
(B) AnkB-dependent (blue) gene expression or a
temporal delay in AnkG (red) expression may
contribute to the intra-axonal boundary.
(C) Repulsion or structural exclusion of Ankyrin/
Spectrin protein complexes may help assemble
distinct AnkB and AnkG-containing axonal
domains.
(D) Differential transport rates may help establish
differences in Ankyrin protein localization along
the axon.
(E) Differential stability of Ankyrin/Spectrin protein
complexes may help establish intra-axonal cyto-
skeletal boundaries.
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glia-dependent clustering of NF186 within the axonal membrane
(Lambert et al., 1997; Schafer et al., 2006; Susuki et al., 2013). In
the PNS, NF186 is initially clustered through interactions with
gliomedin and NrCAM, which are found on microvilli at each
end of the elongating Schwann cell ((3) in Figure 3A, peripheral
nervous system). Gliomedin and NrCAM interact with other
extracellular matrix (ECM) molecules to assemble a multimolec-
ular protein complex that functions as a high-avidity clustering
complex for NF186 (Eshed et al., 2007; Feinberg et al., 2010).
In contrast, gliomedin is not found at nodes in the CNS. Instead,
paranodal junctions form before the clustering of NF186. As
myelin elongates and the paranodal junction migrates along
the axon, it accumulates NF186 adjacent to the paranodal junc-
tion ((1) in Figure 3A, CNS). In both the PNS and CNS, clustered
NF186 then acts as an attachment site to recruit its direct binding
partner, AnkG ((3) in Figure 3A).
Although the primary mechanism of Na+ channel clustering
in the PNS is through gliomedin/NrCAM-dependent clustering
of NF186, a secondary, paranodal junction-dependent mecha-
nism can also support Na+ channel clustering ((2) in Figure 3A,
PNS). For example, gliomedin- and NrCAM-null mice still
cluster NF186, AnkG, and Na+ channels, but mice lacking
both gliomedin and paranodal junctions do not form Na+ chan-
nel clusters (Feinberg et al., 2010). Similarly, although parano-
dal junction barriers function as the primary mechanism of462 Developmental Cell 32, February 23, 2015 ª2015 Elsevier Inc.Na+ channel clustering in the CNS, loss
of paranodal junctions does not block
Na+ channel clustering. Instead, a sec-
ond mechanism that depends on inter-
actions between NF186 and a complex
set of glia-derived ECM proteins (analo-
gous to the gliomedin/NrCAM-NF186 in-teractions in the PNS) can substitute for paranodal junctions to
assemble CNS nodes ((2) in Figure 3A, CNS). In support of
this idea, mice lacking both paranodal junctions and CNS
nodal ECM proteins die in the first 3 weeks of age and have
severely impaired CNS nodal Na+ channel clustering (Susuki
et al., 2013).
As described above, the two glia-dependent node assembly
mechanisms converge on AnkG to initiate clustering of Na+
channels ((4) in Figure 3A). Na+ channels have an intracellular an-
kyrin-binding motif (Garrido et al., 2003; Lemaillet et al., 2003)
that is both necessary and sufficient for Na+ channel clustering
at nodes (Gasser et al., 2012). The nodal AnkG/Na+ channel
complex is stabilized through its association with the bIV spec-
trin-based submembranous cytoskeleton. Remarkably, during
early development or in the absence of AnkG or bIV spectrin, a
second ankyrin/spectrin cytoskeletal complex consisting of An-
kyrinR and bI spectrin can cluster nodal Na+ channels (Ho et al.,
2014). AnkR/bI spectrin complexes, normally thought to func-
tional mainly in erythrocytes, are present in adult myelinated
axons but not clustered at nodes. AnkR/bI spectrin has a lower
affinity for NF186 and Na+ channels compared with AnkG/bIV
spectrin. This difference in affinities results in a hierarchy of clus-
tering activities with AnkG/bIV spectrin as primary and AnkR/bI
spectrin as secondary clustering mechanisms. Loss of both
AnkR and AnkG completely blocks the clustering of nodal Na+
channels (Ho et al., 2014).
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the axonal cytoskeleton for CNS node formation has been shown
further in mice that lacked nodal bIV spectrin and either the
paranodal mechanism or the ECM mechanism. These animals
showed perinatal lethality, reduced optic nerve conduction ve-
locities, and dramatically impaired clustering of Na+ channels
at nodes of Ranvier (Susuki et al., 2013).
Myelination and assembly of nodes of Ranver is a rapid
developmental process. How are nodes of Ranvier maintained
throughout the life of an organism? Conditional ablation or
knockout of the glia-derived factors that assemble nodes,
including gliomedin and NrCAM, in the PNS causes nodes to
become destabilized and degenerate eventually (Amor et al.,
2014). Loss of axonal NF186 causes destabilization of both
PNS and CNS nodes, although, in the CNS, paranodal junctions
appear to help maintain the nodal Na+ channel clusters (Desma-
zieres et al., 2014). Despite their primary role in developmental
assembly of CNS nodes, loss of paranodal junctions in mature
axons only results in a widening of nodal Na+ channel clusters
rather than frank dissolution (Pillai et al., 2009). Similarly, loss
of AnkG from mature nodes of Ranvier does not cause loss of
Na+ channel clustering because AnkR substitutes for AnkG in
these axons (Ho et al., 2014). Whether loss of both AnkG and
AnkR from mature nodes results in degeneration of nodes re-
mains unknown. Therefore, in myelinated axons, glia organize,
pattern, and maintain nodes of Ranvier through cytoskeletal
scaffolding proteins.
Axon Initial Segments
The AIS is characterized by a 30- to 60-mm-long stretch of
densely packed voltage-gated Na+ and K+ channels located
close to the neuronal cell body (Figure 1A). Asmentioned, the po-
sition and length of the AIS reflects the physiology and function
of each neuron type. For example, the location of Na+ channels
along the axons of rabbit retinal ganglion cells and chick auditory
neurons in the nucleus laminaris corresponds to the types of
stimuli to which they respond (Fried et al., 2009; Kuba et al.,
2006). The high concentration of ion channels causes the AIS
to have a low threshold of activation in response to membrane
depolarization (Kole and Stuart, 2008). As at nodes of Ranvier,
AIS ion channels are retained by interactions among NF186,
ECM molecules, and AnkG/bIV spectrin proteins that link the
membrane and AIS-associated proteins to the underlying actin
cytoskeleton (for a more detailed review of the molecular
composition of the AIS, see Rasband, 2010, and Leterrier and
Dargent, 2014). A dense network ofmicrotubule bundles is found
at the core of the AIS. Although microtubule bundles exist along
the entirety of the axon, electron microscopy (EM) shows AISmi-
crotubules coated by associated proteins (Jones et al., 2014).
Both short, stable actin filaments as well as long, dynamic actin
filaments exist at the AIS, but filamentous actin staining is not
dense enough in this region to account for the microtubule
coating. Instead, immuno-EM reveals that the coating consists
of a variety of AIS-associated proteins (Jones et al., 2014).
Recent experiments using super-resolution microscopy re-
vealed that actin, spectrins, and ankyrins form a periodic and
patterned submembranous axonal cytoskeleton (Xu et al.,
2013). When axons were viewed in cross-section, these compo-
nents of the submembranous cytoskeleton formed alternatingring-like structures. The rings of actin were spaced with a peri-
odicity of about 180–190 nm, which corresponds well with
the length of a spectrin tetramer. Therefore, the subcellular
patterning of the actin/spectrin/ankyrin submembranous cyto-
skeleton is dictated simply by the size and orientation of its con-
stituent parts. This patterned axonal cytoskeleton may function
like a latticework of beams and trusses to dissipate the mechan-
ical forces and stresses experienced by the axon, creating a flex-
ible and strong axon (Rasband, 2013). At the AIS, bIV-spectrin
subunits interact with AnkG, whereas the distal axon has a lattice
of aII-spectrin, bII-spectrin, and AnkB. Ankyrins have both a
spectrin-binding domain and a stretch of ankyrin repeats at their
N-termini that allow simultaneous binding of several membrane-
associated proteins, including voltage-gated Na+ and K+ chan-
nels and cell adhesion molecules (Davis et al., 1993; Garrido
et al., 2003; Pan et al., 2006). Because of this ability, AnkG is
the master organizer of the AIS (Zhou et al., 1998). Loss of AIS
AnkG blocks clustering of all other known AIS proteins (Hed-
strom et al., 2007). Therefore, AnkG acts as a versatile but stable
hub for AIS proteins to be securely anchored to the underlying
lattice of the axonal actin cytoskeleton.
Besides its central role as the site of action potential initiation,
the AIS cytoskeleton also regulates the distinction between input
and output domains ((7) in Figure 2). For example, removal of AIS
AnkG dismantles the AIS and permits dendritic proteins to enter
the axon (Hedstrom et al., 2008). Remarkably, neurons lacking
an AIS can even develop spine-like protrusions on their axons
(Sobotzik et al., 2009). How does the AIS maintain axon identity?
The AIS functions as the site where organelles with dendritic
cargoes are refused entry into the axon, whereas those contain-
ing axonal proteins pass through unimpeded. However, the
mechanisms that control this property of the AIS remain poorly
understood. It has been proposed that a dense actin meshwork
within the AIS acts as a cytoplasmic filter to slow protein traf-
ficking and even block entry of dendritic cargoes while allowing
axonal cargoes to proceed into the distal axon (Song et al., 2009;
Watanabe et al., 2012). This view is supported by experiments
where actin-depolymerizing agents dissolve the ‘‘filter’’ and
allow mixing of axonal and dendritic proteins (Song et al.,
2009; Winckler et al., 1999). However, live imaging of fluores-
cently tagged dendritic and/or axonal proteins showed that or-
ganelles containing axonal proteins do not change velocity as
they pass through the AIS (Petersen et al., 2014). In contrast, or-
ganelles with dendritic cargoes come to an abrupt stop upon
entering the AIS. This argues against a simple cytoplasmic filter
mechanism that would be expected to gradually slow all organ-
elles. Instead, these data support an active sorting mechanism.
The spatial, structural, and functional properties of the AIS
must be specified precisely during development, and regulated
throughout life, to produce reliably functioning neurons. During
development, axon-intrinsic patterning events assemble and
position the AIS. Later, AIS location may change in response to
synaptic activity from other neurons (Kuba et al., 2010). AnkG
is the first AIS component to cluster in the proximal axon during
development and is the master organizer and maintainer of
the AIS (Jenkins and Bennett, 2001). Indeed, the AIS is usually
defined by AnkG clustering rather than by anatomy. Loss of
AnkG from developing neurons blocks AIS assembly (Zhou
et al., 1998), and ablation or proteolysis of AnkG in matureDevelopmental Cell 32, February 23, 2015 ª2015 Elsevier Inc. 463
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2009). Unlike nodes of Ranvier, the initial assembly of the AIS is a
neuron-intrinsic event requiring no external factors.
What neuron-intrinsic patterning events restrict AnkG to the
proximal axon during development? To begin to address this
question, Galiano et al. (2012) examined the progression of
AnkG clustering at the AIS of developing cortical neurons in vivo.
They found that AnkG accumulation only occurs after axon spec-
ification. Intriguingly, they observed an apparent intra-axonal
boundary limiting AnkG’s location along the axon ((2) in Figure 2).
With further development and beginning at the boundary, AnkG
then backfilled the axon toward the soma. These observations
suggest that AnkG could be restricted to the AIS by exclusion
from the distal axon rather than by active recruitment to the prox-
imal axon. To test this potential mechanism, Galiano et al. (2012)
searched for cytoskeletal proteins that could function as a
boundary. Remarkably, by analogy to the paranodal junction of
myelinated axons, they found that AnkB and its spectrin binding
partners, aII- and bII-spectrin, accumulate in the growth cone
during axon development and then backfill the axon up to the
point where AnkG clustering eventually occurs. These findings
suggest that the AnkB/aII-/bII-spectrin-based submembranous
cytoskeleton defines the intra-axonal boundary. Additional
support for this idea came from experiments where AnkB was
overexpressed, resulting in a proximal shift in the intra-axonal
boundary. In contrast, when AnkG was overexpressed, the
boundary shifted toward the distal axon. Finally, ablation of
AnkB, aII-, or bII-spectrin permitted AnkG to bypass the bound-
ary and form clusters in the distal axon. Together, these experi-
ments suggest that AnkB, aII-, and bII-spectrin form a submem-
branous cytoskeletal protein complex that excludes AnkG and
its spectrin binding partner bIV-spectrin. This mutual exclusion
results in a balance between axonal AnkB and AnkG (and
their associated spectrins) that creates an apparent intra-
axonal boundary. A similar pattern of complementary AnkG/
AnkB localization can be found in rod photoreceptors, where
AnkG is localized to rod outer segments whereas AnkB is local-
ized to inner segments (Kizhatil et al., 2009). Therefore, it is
possible that the same mechanism of mutual ankyrin exclusion
facilitates the subcellular patterning of photoreceptors. Interest-
ingly, a recent study from Jenkins et al. (2014) shows that AIS
clustering of AnkG requires the alternatively spliced giant exon
of AnkG. Furthermore, in contrast to conventional views of an-
kyrin-spectrin interactions, this exon is also required to recruit
bIV spectrin to the AIS (Jenkins et al., 2014). How this giant
exon contributes to AnkG clustering at the AIS remains un-
known.
Although these experiments provided a significant concep-
tual advance in our understanding of cytoskeleton-dependent
intrinsic axon patterning mechanisms, many questions remain.
For example, it remains unclear how intra-axonal boundary
location is established reproducibly. In the case of the paranodal
junction, where a similar spectrin-based intra-axonal boundary is
found, the interaction between axon and myelinating glial cell
assembles and defines the boundary location. In the following
paragraphs we speculate about the mechanisms that could
underlie the assembly of a boundary in the absence of instructive
signals from other cell types. One possibility that has prece-
dence in regional patterning and cell fate determination is tem-464 Developmental Cell 32, February 23, 2015 ª2015 Elsevier Inc.poral induction of gene expression. If accumulation of a partic-
ular level of AnkB within the distal axon triggers activation of
ANK3 expression (ANK3 encodes AnkG), or if ANK3 expression
is delayed relative to ANK2 expression (ANK2 encodes AnkB),
then this could contribute to how the AnkB/AnkG boundary is
formed (Figure 3B). Consistent with this idea, immunoblots of
developing hippocampal neurons show that AnkB protein
expression precedes that of AnkG, and simple overexpression
of these proteins shifted the position of the boundary (Galiano
et al., 2012). However, mechanisms of axonal compartmentali-
zation or patterning in Drosophila argue against timing of protein
expression as the sole determinant of intra-axonal boundaries
(Katsuki et al., 2009). For example, the ROBO and DRL proteins
are localized in the distal and proximal axon, respectively, with a
boundary between the two located near the midpoint of the
axon. Forced expression of ROBO, or ROBO and DRL simulta-
neously, does not alter the ROBO/DRL boundary. Surprisingly,
blocking dynamin-mediated endocytosis shifted the boundary,
suggesting that patterning of boundaries also depends on
endocytosis and protein trafficking. Therefore, patterning by
transcriptional regulation may be more common for patterning
of boundaries between cells than within cells.
Alternative mechanisms contributing to AIS boundary forma-
tion might include direct inhibition between AnkB and AnkG
(Figure 3C). Although these scaffolds share structural homology
and can even bind many of the same membrane proteins, it is
unclear why they do not occupy the same domains. Direct inhi-
bition may not depend solely on the ankyrins but, rather, on the
ankyrin/spectrin complex consisting of AnkB/bII-spectrin and
AnkG/bIV-spectrin. In this view, the structural features of specific
ankyrin/spectrin networks may preclude mixing of AnkB and
AnkG. In addition, differential axonal trafficking efficiencies of
AnkB compared with AnkG could contribute to higher levels of
AnkB/aII-/bII-spectrin in the distal axon (Figure 3D). Consistent
with this idea, efficient trafficking of AnkB/aII-/bII-spectrin is
mediated by interactions with the microtubule motor Kif3
through the adaptor Kap3 (Galiano et al., 2012).
Another potential mechanism for the specification of a
precise intra-axonal boundary draws inspiration from tradi-
tional patterning, where gradients of diffusible morphogens
induce transcription factor activity in a concentration-dependent
manner to pattern cells and groups of cells at reproducible loca-
tions in the body. Applying this concept to the AIS, specification
of the intra-axonal boundary may depend on a gradient of a pro-
tein or post-translational protein modifications along the axon,
with high levels near the soma and low levels toward the distal
axon. If high ‘‘concentrations’’ of the protein or modification
decrease the stability or prevent the incorporation of AnkB/aII-/
bII-spectrin protein complexes into the submembranous cyto-
skeleton, then a reproducible proximal boundary would form at
the threshold for inhibition. However, in the distal axon, below
the threshold for inhibition, AnkB/aII-/bII-spectrin could be
incorporated efficiently into the submembranous cytoskeleton.
Therefore, blocking AnkB accumulation near the soma would
leave the proximal axon free for AnkG and bIV spectrin to accu-
mulate, resulting in a sharp and reproducible intra-axonal AnkB/
AnkG boundary (Figure 3D). This model is consistent with previ-
ous studies suggesting that the AIS may be a ’’hotspot’’ for pro-
tein phosphorylation (Buffington et al., 2012; Yoshimura and
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microtubules contributes to AIS barrier function(Li et al., 2011).
Therefore, we propose that the intra-axonal boundary for AnkG
clustering is more likely to depend on a combination of pro-
tein-protein interactions, protein modifications, and trafficking
rather than simply the timing of ankyrin expression (Figures
3A–3D).
Extrinsic influences in the form of neuronal activity can also in-
fluence the organization of the axonal membrane by inducing
changes in AIS structure and location. Using the chick auditory
system, Kuba et al. (2010) deprived auditory neurons of sensory
input by removing the cochlea. In response, AIS length increased
to make the synaptically deprived neurons more excitable. In a
complementary study, Grubb and Burrone (2010) increased
the activity of cultured hippocampal neurons using either high
extracellular K+ to induce chronic depolarization or channelrho-
dopsin to drive neuronal firing (Grubb andBurrone, 2010). In both
paradigms, the length of the AIS did not change, but the entire
AIS translocated to a more distal position along the axon, result-
ing in decreased neuronal excitability. In a more recent study,
Kuba et al. (2014) showed that, under normal conditions, the
development of the proximal end of the AIS is activity-dependent
((1) in Figure 2), whereas the position of the distal end of the AIS is
activity-independent ((2) in Figure 2), a conclusion that fits well
with the concept of an ankyrin/spectrin-dependent intra-axonal
boundary as described above. It remains to be determined
what activity-dependent molecular mechanisms regulate where
the AIS begins in relation to the neuronal cell body. Together,
these observations show that the AIS is not static but can
respond to changes in neuronal activity. Such changes likely
represent an elegant homeostatic mechanism to regulate overall
neuronal activity in the face of Hebbian plasticity and to protect
neuronal networks from runaway potentiation or depression
(Turrigiano and Nelson, 2000).
Axonal Patterning and Disease
Given the important role of axonal patterning for neuronal func-
tion, we propose that some neurological disorders may include
or result from defects in axonal patterning. Disrupted patterning
could result from mutations in key proteins responsible for
assembly of excitable domains or be secondary to other pathol-
ogies or compensatory changes, such as demyelination or
altered neuronal excitability. Genetic testing and increasing
knowledge of the components and functions of the AIS and no-
des of Ranvier have provided a backdrop for an expanding body
of literature consistent with this idea. For example, although
mutations in AnkG have been linked (primarily by genome-wide
association studies) to various complex cognitive disorders,
including bipolar disease and schizophrenia (Ferreira et al.,
2008; Schulze et al., 2009), evidence for a causative role of these
variants or disrupted axonal patterning remains to be found.
More recently, mutations in ANK3 were identified that cause in-
tellectual disability (ID), attention deficit hyperactivity disorder
(ADHD), and autism spectrum disorder (ASD) (Iqbal et al.,
2013). In one patient with ADHD, ASD, sleep disturbance, de-
layed language, and ID, genetic testing revealed a mutation
that disrupts all AnkG isoforms. The mutation occurred between
the ankyrin repeat domain (membrane protein-binding domain)
and the spectrin binding domain, suggesting that any proteinmade from the mutant allele would not be able to link membrane
proteins at the AIS to the underlying actin cytoskeleton. In a
separate case, a familial recessive ANK3 mutation was found
in three affected siblings, all presenting with moderate ID, hypo-
tonia, spasticity, sleep disturbances, and behavioral problems,
including aggression and hyperactivity. Genetic testing revealed
a single base pair deletion in ANK3, leading to a frameshift
mutation and premature stop codon in exon 42 (C terminus of
AnkG). In addition to these cases, whole exome sequencing
and copy-number variation analysis on patients with autism
have identified five additional de novo changes within ANK3
(four missense mutations and one duplication on chromosome
10, including the ANK3 locus) (Sanders et al., 2012; Sebat
et al., 2007)). Although these studies clearly implicate mutant
AnkG in the pathology of the disease, future studies will be
required to determine whether the mutations cause altered
axonal patterning.
Although AnkG is an obvious genetic risk locus, other cyto-
skeletal proteins involved in axonal patterning and function
have also been implicated in neurological disorders. For
example, mutations in SPTAN1 (aII-spectrin) cause early-onset
West syndrome with drug-resistant seizures, cerebral hypomye-
lination, severe developmental delay, spastic quadriplegia, and
pontocerebellar atrophy (Saitsu et al., 2010; Writzl et al., 2012).
Studies of these mutations revealed aggregates of spectrins
within neurons and disrupted AnkG and Na+ channel clustering
at the AIS (Saitsu et al., 2010). These observations are consistent
with the reported role of the aII-/bII-spectrin-based cytoskeleton
for proper assembly of the AIS (Galiano et al., 2012) and may
include altered node of Ranvier formation given the importance
of the paranodal cytoskeleton. Other axonal proteins necessary
for axonal patterning that are associated with human neurolog-
ical disorders include Caspr2, which is found both at the AIS
and juxtaparanodes (Ogawa et al., 2008; Poliak et al., 1999). Mu-
tations and variants of CNTNAP2 (Caspr2) are very strong risk
factors for ASD, although it remains unknown whether axonal
patterning is perturbed in these patients. Intriguingly, autoanti-
bodies against Caspr2 have also been shown to be associated
with limbic encephalitis, cerebellar ataxia, and epilepsy (Balint
et al., 2013; Lilleker et al., 2013). Recently, a pathogenic homo-
zygous frameshift mutation in Caspr was identified in four
unrelated human families. The mutation caused arthrogryposis
multiplex congenita, characterized by congenital contractures
and reduced mobility. Patients showed marked reduction in
nerve conduction velocity and disruptions in axoglial contact
flanking nodes (Laque´rriere et al., 2014).
Not only can mutations in AIS- and node-associated proteins
contribute to neurological disorders, but other genetic diseases
can also indirectly alter ion channel clustering along axons. For
example, Angelman syndrome is a developmental disorder
caused bymutations in the UBE3A gene that encodes a ubiquitin
ligase and is characterized by severe ID, ASD, and epilepsy.
Although UBE3A is not at the AIS and does not interact with
AnkG, mice lacking UBE3A have increased expression of
AnkG, increased AIS length, increased Nav1.6 Na+ channels
at the AIS, and altered intrinsic membrane properties in hippo-
campal neurons (Kaphzan et al., 2011). Remarkably, genetic
reduction of the Na+/K+-ATPase restored membrane properties
and AIS structure (Kaphzan et al., 2013). This observation isDevelopmental Cell 32, February 23, 2015 ª2015 Elsevier Inc. 465
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late axonal patterning.
Axon organization can also be disrupted by injury or non-ge-
netic diseases. For example, optic nerve crush or ischemic
injury, as occurs during stroke, activate calpains, causing prote-
olysis of the AIS cytoskeletal proteins AnkG and bIV spectrin
(Schafer et al., 2009). Loss of AnkG from the AIS cytoskeleton
is accompanied by loss of clustered Na+ channels and neuronal
polarity (Hedstrom et al., 2008), resulting in dysfunctional
neurons. Autoimmune diseases, including multiple sclerosis
and Guillain-Barre syndrome (GBS), disrupt axonal patterning.
Because myelinating glia are required for both the assembly
and maintenance of nodes of Ranvier, demyelination results in
loss of the regularly spaced Na+ and K+ channel clusters nor-
mally found at nodes and juxtaparanodes (Craner et al., 2004;
Dugandzija-Novakovic et al., 1995; Rasband et al., 1998).
Recent studies of the pathomechanisms of GBS have even un-
covered autoantibodies against nodal antigens like gliomedin
and NF186 that directly attack and disrupt nodes of Ranvier
(Susuki et al., 2007; Devaux et al., 2012; Ng et al., 2012). These
observations have now led to the proposal of a new category
of peripheral autoimmune neuropathies termed ‘‘nodopathies’’
(Susuki, 2013; Uncini et al., 2013). Taken together, these obser-
vations suggest that disrupted axonal patterning is a common
sequela of many nervous system injuries and diseases.
We propose that therapeutic strategies aimed at axon mainte-
nance and regeneration will require a detailed understanding
of the developmental mechanisms responsible for axonal
patterning.
In conclusion, the studies described here reveal both axon-in-
trinsic and glia-dependent extrinsic mechanisms that, together,
pattern the axon into excitable and non-excitable domains.
Although many of the essential mechanisms of developmental
assembly and protein components have been described, much
remains unknown. We propose that future studies of axonal
patterning should focus on mechanisms regulating the plasticity
of these domains and diseases or injuries that have as a core pa-
thology the disruption of excitable domains.
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